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(57) ABSTRACT

Provided are an integral imaging type 3-dimensional (3D)
image display apparatus and a 3D image pickup apparatus for
increasing a depth by using an electrowetting lens array. The
3D image display apparatus includes a display panel and an
electrowetting lens array having an electrically adjustable
variable focal distance. The 3D image display apparatus dis-
plays a plurality of images having different depths on differ-
ent focal planes and thus a depth of a 3D image by using one
display panel.
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3D IMAGE DISPLAY APPARATUS
INCLUDING ELECTROWETTING LENS
ARRAY AND 3D IMAGE PICKUP APPARATUS
INCLUDING ELECTROWETTING LENS
ARRAY

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority from Korean Patent Appli-
cation No. 10-2012-0128263, filed on Nov. 13, 2012, in the
Korean Intellectual Property Office, the disclosure of is are
incorporated herein in its entirety by reference.

BACKGROUND

1. Field

Apparatuses consistent with exemplary embodiments
relate to a 3-dimensional (3D) image display apparatus and a
3D image pickup apparatus, and more particularly, to an
integral imaging type 3D image display apparatus for increas-
ing a depth by using an electrowetting lens array and a 3D
image pickup apparatus.

2. Description of the Related Art

There is a need, in various fields such as entertainment,
gaming, advertising, medicine, education, military, etc., for a
3-dimensional (3D) image display apparatus which further
realistically and effectively displays an image. Therefore,
various techniques for displaying a 3D image have been sug-
gested, and various types of 3D image display apparatuses
have been commercialized.

A 3D image display apparatus is classified as an glasses
type or a glassesless type. The glasses type devices are clas-
sified as polarization glasses type devices and shutter glasses
type devices. The stereoscopy type of a glassless type device
is classified as a lenticular type device, which uses a plurality
of cylindrical lens arrays, or a parallax barrier type device
having a plurality of barriers and a plurality of openings.
However, the above-described devices use binocular paral-
lax. Therefore, the above-described devices are limited in that
they cannot provide an increased number of viewpoints.
Thus, the depth perception of a user and the users’ eye focus
may disagree to force the viewer feel fatigue. Also, only
horizontal parallax is provided, and vertical parallax is not
provided.

A holographic method and an integral imaging method
have each been suggested as a 3D image display methods
which cause a viewer’s depth perception to agree with the
focus of the viewer’s eyes and provide full parallax. The
holographic method provides a 3D image by interference
between a signal beam including an image signal and a ref-
erence beam. In the holographic method, a high-priced laser
having high coherence is used, and an optical system for
forming an image is precisely arranged. Also, noise such as
speckles is commonly generated on an image display surface.

The integral imaging method displays a 3D image by using
a fly-eye lens array including a plurality of micro-lens arrays.
According to the integral imaging method, color is easily
displayed, a continuous viewing angle is provided, and the
structure of the optical system is simple. However, the depth
perception provided by the 3D image is limited, and the
viewing angle is narrow. Therefore, various studies are in
progress. For example, there is suggested a method of array-
ing a plurality of display panels displaying images having
different depths at predetermined intervals and a method of
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using a plurality of polymer dispersed liquid crystal (PDLC)
films and projectors arrayed at predetermined intervals.

SUMMARY

One or more exemplary embodiments provide a direct
imaging type 3-dimensional (3D) image display apparatus for
increasing depth perception by using an electrowetting lens
array and a 3D image pickup apparatus.

Additional exemplary aspects will be set forth in part in the
description which follows and, in part, will be apparent from
the description, or may be learned by practice of the presented
embodiments.

According to an aspect of an exemplary embodiment, a
3-dimensonal (3D) image display apparatus includes; a dis-
play panel including a plurality of pixels; and an electrowet-
ting lens array having an electrically adjustable variable focal
distance. The electrowetting lens array may include a plural-
ity of electrowetting lens cells 2-dimensionally arrayed in a
fly-eye lens array.

The display panel sequentially may be configured to dis-
play at least two images having different depths. The elec-
trowetting lens array may be configured to sequentially
project the at least two images at at least two different focal
distances corresponding to the depths of the at least two
images.

When the display panel displays a first image having a first
depth, the electrowetting lens array may project the first
image at a first focal distance. When the display panel dis-
plays a second image having a second depth, the electrowet-
ting lens array may project the second image at a second focal
distance. When the display panel displays a third image hav-
ing a third depth, the electrowetting lens array may project the
third image at a third focal distance.

Each of the electrowetting lens cells may include: lower
and upper transparent substrates; vertical barriers erected on
an upper surface of the lower transparent substrate and defin-
ing a plurality of spaces therebetween; a plurality of elec-
trodes disposed on sidewalls of the vertical barriers; a dielec-
tric layer covering the plurality of electrodes; a hydrophobic
coating formed on a surface of the dielectric layer; a plurality
of wiring lines disposed on an upper surface of the lower
transparent substrate and respectively electrically connected
to the plurality of electrodes; a common electrode disposed
on a lower surface of the upper transparent substrate; and
non-polar and polar liquids disposed in the space enclosed by
the vertical barriers.

The vertical barriers may be disposed in a mesh form and
may define a plurality of spaces therein. The plurality of
electrodes may include first and second electrodes, and third
and fourth electrodes, wherein the first and second electrodes
are disposed on vertical barriers extending in a first direction,
such that the first and second electrodes face each other across
the space, and the third and fourth electrodes are disposed on
vertical barriers extending in a second direction perpendicu-
lar to the first direction such that the third and fourth elec-
trodes face each other across the space.

The dielectric layer may have a multilayer structure formed
of a plurality of different materials.

The dielectric layer may include a first layer formed of a
fluoropolymer CYTOP™ and adjacent to the hydrophobic
layer, a second layer formed of HfO,, and a third layer formed
of Mo and adjacent to the electrodes.

A thickness of the first layer may be about 300 A, a thick-
ness of the second layer may be about 2000 A, and a thickness
of the third layer may be about 2000 A.



US 9,354,439 B2

3

The plurality of electrowetting lens cells of the electrowet-
ting lens array may correspond to a plurality of pixels of the
display panel on a one-to-one basis.

According to an aspect of another exemplary embodiment,
the present invention, a 3D image pickup apparatus includes:
an image pickup device including a plurality of optical sens-
ing pixels; and an electrowetting lens array having an electri-
cally adjustable variable focal distance. The electrowetting
lens array may include a plurality of electrowetting lens cells
2-dimensionally arrayed in a fly-eye lens array.

The electrowetting lens array may be configured to sequen-
tially change the focal distance and form an image of an
object on the image pickup device. The image pickup device
may be configured to capture a plurality of images of different
depths of the object at different focal distances.

The plurality of electrowetting lens cells of the electrowet-
ting lens array may correspond to a plurality of optical sens-
ing pixels of the image pickup device.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other exemplary aspects and advantages will
become apparent and more readily appreciated from the fol-
lowing description of exemplary embodiments, taken in con-
junction with the accompanying drawings in which:

FIG. 1 is a schematic view illustrating a structure and an
operation of a 3-dimensional (3D) image display apparatus
according to an exemplary embodiment;

FIG. 2 is a schematic cross-sectional view illustrating a
structure of an electrowetting lens cell of an electrowetting
lens array of FIG. 1;

FIG. 3 is a schematic view illustrating an arrangement
relationship between a barrier and an electrode of FIG. 2;

FIG. 4 is a schematic partial cross-sectional view illustrat-
ing a multilayer structure of a dielectric layer of FIG. 2;

FIG. 5 is views illustrating an operation of an electrowet-
ting lens cell of FIG. 2; and

FIG. 6 is a schematic view illustrating a structure and an
operation of a 3D image pickup apparatus according to an
another exemplary embodiment.

DETAILED DESCRIPTION

A 3-dimensional (3D) image display apparatus and a 3D
image pickup apparatus including an electrowetting lens
array will now be described in detail with reference the
attached drawings. Like reference numerals in the drawings
denote like elements, and thus their description will be omit-
ted. In the drawings, the thicknesses of layers and regions are
exaggerated for clarity. It will be understood that there is no
intent to limit embodiments to the particular forms disclosed,
but on the contrary, embodiments are to cover all modifica-
tions, equivalents, and alternatives falling within the scope of
the invention. It will also be understood that when a layer is
referred to as being “on” another layer or substrate, it can be
directly on the other layer or substrate, or intervening layers
may also be present.

FIG. 1 is a schematic view illustrating a structure and an
operation of a 3-dimensional (3D) image display apparatus
10 according to an exemplary embodiment.

Referring to FIG. 1, the 3D image display apparatus 10
includes a display panel 20 and an electrowetting lens array
30. The electrowetting lens array 30 has an electrically adjust-
able variable focal distance. Here, the display panel 20 may
include any type of apparatus which displays images. For
example, the display panel 20 may be any of various types of
panels such as a liquid crystal display (LCD), an organic
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4
light-emitting diode (OLED), a plasma display panel (PDP),
and so on. Also, the display panel 20 may be a projector or a
polymer dispersed liquid crystal (PDLC).

The electrowetting lens array 30 includes a plurality of
micro electrowetting lens cells 2-dimensionally arrayed in a
fly-eye lens array. An electrowetting lens uses an electrowet-
ting phenomenon and has a variable focal distance to electri-
cally control an interface between non-polar liquid such as oil
and polar liquid such as water in order to adjust a focal
distance.

FIG. 2 is a schematic cross-sectional view illustrating a
structure of an electrowetting lens cell 300 of the electrowet-
ting lens array 30 of FIG. 1. Referring to FIG. 2, the elec-
trowetting lens cell 300 includes lower and upper transparent
substrates 301 and 311, vertical barriers 302, first and second
electrodes 303a and 3035, a dielectric layer 304, a hydropho-
bic coating 305, first and second lines 306a and 3065, a
common electrode 310, non-polar liquid 308, and polar liquid
309. The lower and upper transparent substrates 301 and 311
face each other, and the vertical barriers 302 are erected onthe
lower transparent substrate 301. The first and second elec-
trodes 303a and 3035 are disposed on opposite sidewalls of
the vertical barriers 302. The dielectric layer 304 fully covers
the first and second electrodes 303a and 3035, and the hydro-
phobic coating 305 fully covers the dielectric layer 304. The
first and second lines 3064 and 3065 are arrayed on an upper
surface of the lower transparent substrate 301 and are respec-
tively electrically connected to the first and second electrodes
303a and 3035. The common electrode 310 is disposed on a
lower surface of the upper transparent substrate 311. The
non-polar liquid 308 and the polar liquid 309 are disposed in
a space enclosed by the vertical barrier 302.

Two vertical barriers 302 are disposed in FIG. 2 but the
vertical barriers may be a single structure formed in a mesh
form, defining a plurality of small spaces between the vertical
barriers 302. The first and second electrodes 3034 and 3035
may be respectively disposed on opposite sidewalls of a ver-
tical barrier 302. As shown in FIG. 2, the first and second
electrodes 303a and 3035 may face each other across a space
defined between the vertical barriers 302. The second elec-
trode disposed on the left sidewall of the left vertical barrier
302 and the first electrode 303a disposed on the right sidewall
of the right vertical barrier 302 belong to other adjacent
electrowetting lens cells 300.

Two electrodes 303a and 3035 are illustrated in FI1G. 2, but
four electrodes may be disposed along the four sides of a
rectangular space. For example, as shown in FIG. 3, the
vertical barriers 302 may form a mesh form defining a plu-
rality of rectangular spaces, and four electrodes 303a through
303d may be respectively disposed in each of the plurality of
rectangular spaces. In other words, the first and second elec-
trodes 303a and 3035 may be disposed on opposite sides of
vertical barriers 302, which extend in a first direction, and
third and fourth electrodes 303¢ and 3034 may be disposed on
opposite sides of vertical barriers 302 which extend in a
second direction, perpendicular to the first direction.

InFIG. 2, the first line 306 electrically connected to the first
electrode 303a and the second line 3065 electrically con-
nected to the second electrode 3035 are illustrated. However,
third and fourth lines (not shown), respectively connected to
the third and fourth electrodes 303¢ and 3034, may also be
disposed on the lower transparent substrate 301. The first and
second lines 3064 and 306 may be disposed in the first direc-
tion like the first and second electrodes 303a and 3035, and
the third and fourth lines may be disposed to extend in the
second direction like the third and fourth electrodes 303¢ and
3034.
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A passivation layer 307 is formed on the first and second
lines 306a and 3065 to allow the first and second lines 306a
and 306 to contact only the first and second electrodes 303«
and 3035, respectively. The passivation layer 307 covers the
first and second lines 3064 and 3065 except parts of the first
and second lines 306a and 3065 which are connected to the
first and second electrodes 303a and 3035. In this case, the
vertical barriers 302, the dielectric layer 304, etc. may be
formed on the passivation layer 307.

The dielectric layer 304 covering the first and second elec-
trodes 3034 and 30354 electrically insulates the first and sec-
ond electrodes 3034 and 3035 from the non-polar and polar
liquids 308 and 309 disposed in the space. Although not
shown, the dielectric layer 304 may be formed on all surfaces
of the vertical barriers 302 to fully cover the third and fourth
electrodes 303¢ and 3034. The dielectric layer 304 fully cov-
ers the first through fourth electrodes 303a through 3034 and
extends to the bottom of the space. The hydrophobic coating
305 is formed on a surface of the dielectric layer 304 to allow
the polar liquid 309 to easily form a predetermined contact
angle at its interface with the non-polar liquid 308. The hydro-
phobic coating 305 fully covers the dielectric layer 304 and
extends to the bottom of the space.

The dielectric layer 304 may have a multilayer structure
formed of a plurality of different materials to enable it to
endure a pressure caused by shakes of the non-polar and polar
liquids 308 and 309 and to prevent a chemical reaction with
the non-polar and polar liquids 308 and 309. For example,
FIG. 4 is a schematic cross-sectional view illustrating a mul-
tilayer structure of the dielectric layer 304. Referring to FIG.
4, the dielectric layer 304 includes a first layer 304a formed of
a fluoropolymer CYTOP and adjacent to the hydrophobic
coating 305, a second layer 3045 formed of HfO2, and a third
layer 304¢ formed of Mo and adjacent to the electrode 303a or
303b. Here, a thickness d1 of the first layer 304a is about 300
A, a thickness d2 of the second layer 3045 is about 2000 A,
and a thickness d3 of the third layer 304 is about 2000 A.

The non-polar liquid 308 and the polar liquid 309 disposed
in the space formed by the vertical barriers 302 have high
transmissivities to transmit light without loss and have differ-
ent refractive indexes to refract light at the interface between
the liquids. Also, as shown in FIG. 2, a density of the non-
polar liquid 308 may be higher than a density of the polar
liquid 309, such that the non-polar liquid 308 is disposed in
the space below the polar liquid 309. The non-polar liquid 308
and the polar liquid 309 may be formed of various types of
materials to meet the above conditions. For example, the
non-polar liquid 309 may be De-Ionized (DI) water including
NaCl of about 0.005 M and sodium dodecyl sulface (SDS) of
about 0.1 w %. The non-polar liquid 308 may also be bro-
monaphtalene or chloronaphtalene.

As shown in FIG. 2, the non-polar liquid 308, disposed at
the bottom of the space formed by the vertical barriers 302,
may be separately disposed in each electrowetting lens cell
300. However, the polar liquid 309, disposed at the top of the
space may extend over all the electrowetting lens cells 300 of
the electrowetting lens array 30. For this to happen, a prede-
termined space may be formed between a lower surface of the
upper transparent substrate 311 and upper surfaces of the
vertical barriers 302.

In the electrowetting lens cell 300 having the above-de-
scribed structure, a contact angle between the interface of the
non-polar liquid 309 and the polar liquid 308 and the vertical
barriers 302 may be adjusted by a voltage applied to each of
the first through fourth electrodes 303a through 3034d. There-
fore, if the voltage applied to each of the first through fourth
electrodes 303a through 3034 is appropriately adjusted, the
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interface between the non-polar liquid 308 and the polar
liquid 309 may be changed to a flat slope, a flat horizontal
plane, a convex surface, a concave surface, or the like. Also, a
curvature of the convex surface or the concave surface may be
adjusted.

FIGS. 5(a) through 5(c¢) are views illustrating operations of
the electrowetting lens cell 300. As shown in FIG. 5A, the
interface between the polar liquid 309 and the non-polar
liquid 309 may be a flat horizontal plane to allow the elec-
trowetting lens cell 300 to transmit incident light without
refracting the incident light. As shown in FIG. 5B, the inter-
face between the polar liquid 309 and the non-polar liquid 309
may be adjusted to be a convex surface having a first focal
distance F1. As shown in FIG. 5C, the interface between the
polar liquid 309 and the non-polar liquid 309 may be adjusted
to be a convex surface having a second focal distance F2.

In the present embodiment, to form the electrowetting lens
array 30, a plurality of electrowetting lens cells 300 having
the above-described structures are 2-dimensonally arrayed in
a fly-eye lens array. Here, the electrowetting lens array 30
may be constituted so that the plurality of electrowetting lens
cells 300 of the electrowetting lens array 30 correspond to a
plurality of pixels of the display panel on one-to-one basis.

An exemplary operation of the 3D image display apparatus
10 will now be described.

Referring to FIG. 1, in the 3D image display apparatus 10,
the display panel 20 sequentially displays at least two images
11 through 13 having different depths. The electrowetting lens
array 30 projects the images I1 through I3 at at least two focal
distances corresponding to the different depths of the images
11 through 13. For example, when the display panel 20 of the
3D image display apparatus 10 displays the first image I1, a
focal distance ofthe electrowetting lens array 30 is adjusted to
be the shortest in order to project the first image 11 on a first
plane P1. When the display panel 20 displays the second
image 12, the focal distance of the electrowetting lens array
30is changed to be longer in order to project the second image
12 on a second plane P2. When the display panel 20 displays
the third image 13, the focal distance of the electrowetting lens
array 30 is changed to be much longer in order to project the
third image I3 on a third plane P3. If 3D images of a frame are
all displayed according to the above-described method, the
display panel 20 displays a first image 11 of a next frame, and
the electrowetting lens array 30 adjusts the focal distance
thereof to be the shortest.

Three images 11 through 13 having different depths are
displayed in FIG. 1. However, the number of images of dif-
ferent depths displayed in one frame and the order of the
various focal distances may be altered. For example, if one
image is displayed at a frame rate of about 60 Hz, and driving
speeds of the display panel 20 and the electrowetting lens
array 30 are each about 180 Hz or more, the 3D image display
apparatus 10 may sequentially display, in one frame, at least
three or more images having different depths. In this case, if
the depth of one image is D, the 3D image display apparatus
10 according to the present embodiment may display a 3D
image having a depth of 3xD or more.

The electrowetting lens array 30 may beused in a3D image
pickup apparatus for obtaining a 3D image to be displayed.
FIG. 6 is a schematic view illustrating a structure and an
operation of a 3D image pickup apparatus 60 according to an
exemplary embodiment. Referring to FIG. 6, the 3D image
pickup apparatus 60 includes an electrowetting lens array 30
having an electrically adjustable variable focal distance and
an image pickup device 40. Here, the electrowetting lens
array 30 may have the same structure and function as the
electrowetting lens array 30 described above. The image
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pickup device 40 may be a charge-coupled device (CCD)
image sensor or a complementary metal oxide semiconductor
(CMOS) image sensor having a plurality of optical sensing
pixels. For example, a plurality of electrowetting lens cells
300 of the electrowetting lens array 30 may correspond to the
plurality of optical sensing pixels of the image pickup device
30 on a one-to-one basis.

The 3D image pickup apparatus 60 of FIG. 6 sequentially
changes the focal distance of the electrowetting lens array 30
and forms an image of an object 50 on the image pickup
device 40. The image pickup device 40 captures images of
different depths of the object 50 respectively formed at dif-
ferent focal distances. Here, focal distances of the electrowet-
ting lens array 30 changed when the 3D image pickup appa-
ratus 60 captures a 3D image may match with focal distances
of the electrowetting lens array 30 changed when the 3D
image display apparatus 10 of FIG. 1 displays a 3D image.

It will be understood that the exemplary embodiments
described herein are to be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of fea-
tures or aspects within each embodiment will be considered
as available for other similar features or aspects in other
embodiments.

What is claimed is:
1. A 3-dimensional (3D) image display apparatus compris-
ing:

a display panel comprising a plurality of pixels; and

an electrowetting lens array having an electrically adjust-
able variable focal distance,

wherein the electrowetting lens array comprises a plurality
of electrowetting lens cells 2-dimensionally arrayed in a
fly-eye lens array, and

wherein each of the plurality of electrowetting lens cells of
the electrowetting lens array corresponds to one of the
plurality of pixels of the display panel on a one-to-one
basis.

2. The 3D image display apparatus of claim 1, wherein:

the display panel is configured to sequentially display at
least two images having different depths; and

the electrowetting lens array is configured to sequentially
project the at least two images at at least two different
focal distances corresponding to the depths ofthe at least
two images.

3. A 3-dimensional (3D) image display apparatus compris-

ing:

a display panel comprising a plurality of pixels; and

an electrowetting lens array having an electrically adjust-
able variable focal distance,

wherein the electrowetting lens array comprises a plurality
of electrowetting lens cells 2-dimensionally arrayed in a
fly-eye lens array, wherein:

the display panel is configured to sequentially display at
least two images having different depths;

the electrowetting lens array is configured to sequentially
project the at least two images at at least two different
focal distances corresponding to the depths ofthe at least
two images;

when the display panel displays a first image having a first
depth, the electrowetting lens array projects the first
image at a first focal distance;

when the display panel displays a second image having a
second depth, the electrowetting lens array projects the
second image at a second focal distance; and

when the display panel displays a third image having a
third depth, the electrowetting lens array projects the
third image at a third focal distance.
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4. A 3-dimensional (3D) image display apparatus compris-
ing:

a display panel comprising a plurality of pixels; and

an electrowetting lens array having an electrically adjust-

able variable focal distance,

wherein the electrowetting lens array comprises a plurality

of electrowetting lens cells 2-dimensionally arrayed in a

fly-eye lens array,

wherein the display panel is configured to sequentially

display at least two images having different depths;

wherein the electrowetting lens array is configured to
sequentially project the at least two images at at least two
different focal distances corresponding to the depths of
the at least two images; and

wherein each of the electrowetting lens cells comprises:

a lower transparent substrate and an upper transparent
substrate;

vertical barriers extending from an upper surface of the
lower transparent substrate, wherein the vertical bar-
riers define a plurality of spaces therebetween;

a plurality of electrodes disposed on sidewalls of the
vertical barriers;

a dielectric layer which covers the plurality of elec-
trodes;

a hydrophobic coating disposed on a surface of the
dielectric layer;

a plurality of wiring lines disposed on the upper surface
of the lower transparent substrate and respectively
electrically connected to the plurality of electrodes;

a common electrode disposed on a lower surface of the
upper transparent substrate; and

anon-polarand a polar liquid disposed in a space defined
by the vertical barriers.

5. The 3D image display apparatus of claim 4, wherein:

the vertical barriers are disposed in a mesh form and define

the plurality of spaces therein; and

the plurality of electrodes comprises a first electrode, a

second electrode, a third electrode, and a fourth elec-
trode, wherein the first electrode and the second elec-
trode are disposed on opposite sides of vertical barriers
extending in a first direction, and the third electrode and
the fourth electrode are disposed on opposite sides of
vertical barriers extending in a second direction perpen-
dicular to the first direction, such that the first electrode
and the second electrode face each other across each of
the plurality of spaces and the third electrode and the
fourth electrode face each other across each of the plu-
rality of spaces.

6. The 3D image display apparatus of claim 4, wherein the
dielectric layer comprises a multilayer structure comprising a
plurality of different materials.

7. The 3D image display apparatus of claim 6, wherein the
dielectric layer comprises a first layer formed of a fluoropoly-
mer and adjacent to the hydrophobic layer, a second layer
formed of HfO,, and a third layer formed of Mo and adjacent
to the electrodes.

8. The 3D image display apparatus of claim 7, wherein a
thickness of the first layer is about 300 A, a thickness of the
second layer is about 2000 A, and a thickness of the third layer
is about 2000 A.

9. A 3D image pickup apparatus comprising:

an image pickup device comprising a plurality of optical

sensing pixels; and

an electrowetting lens array having an electrically adjust-

able variable focal distance,
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wherein the electrowetting lens array comprises a plurality
of electrowetting lens cells 2-dimensionally arrayed in a
fly-eye lens array, and

wherein each of the plurality of electrowetting lens cells of
the electrowetting lens array correspond to one of the
plurality of optical sensing pixels of the image pickup
device.

10. The 3D image pickup apparatus of claim 9, wherein the
electrowetting lens array is configured to sequentially change
the focal distance and form an image of an object on the image
pickup device,

wherein the image pickup device configured to capture a
plurality of images of different depths of the object at
different focal distances.

11. An electrowetting lens array comprising:

a plurality of electrowetting lens cells arranged in a 2-di-
mensional fly-eye lens array, each of the electrowetting
lens cells comprising:

a lower transparent substrate and an upper transparent
substrate,

a plurality of vertical barriers extending from an upper
surface of the lower transparent substrate, and defin-
ing a space therebetween,
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a first electrode disposed on a sidewall of a first vertical
barrier extending in a first direction, a second elec-
trode disposed on a sidewall of a second vertical bar-
rier extending in the first direction, a third electrode
disposed on a sidewall of a third vertical barrier
extending in a second direction, different from the
first direction, and a fourth electrode disposed on a
sidewall of a fourth vertical barrier extending in the
second direction, wherein the first and second elec-
trode face each other across the space and the third
and fourth electrodes face each other across the space,

a dielectric layer covering the first electrode, the second
electrode, the third electrode, and the fourth elec-
trode,

a hydrophobic coating disposed on the dielectric layer,

a non-polar liquid and a polar liquid disposed in the
space,

wherein a shape of an interface between the non-polar
liquid and the polar liquid is changed by application
of a voltage to one or more of the first electrode, the
second electrode, the third electrode, and the fourth
electrode.



